Abstract. The existence of a horizontal large velocity pulse that contains a substantial pro-
INTRODUCTION
The vertical component of earthquake ground motion has only recently received considerable investigative attention. In contrast, both near-and far-fault horizontal seismic excitations have been extensively studied and considered in the design process. One of the most important features of near-fault ground motions is the presence of strong velocity pulses. Strong velocity pulses cause most of the seismic energy from the rupture zone to arrive during a short period of time. Investigations on pulse-like horizontal ground motion in the last few decades have highlighted their distinct seismic response amplification characteristics. It was shown that pulse-like ground motion tends to amplify the seismic demand in the long period range of the acceleration response spectrum [1] . Furthermore, many studies investigated the seismic response characteristics of building structures subjected to pulse-like horizontal ground motion. It was indicated that strong velocity pulses tend to result in higher inelastic demands on buildings that have long fundamental periods [2, 3] and the structures in the intermediate-tolong period range are more susceptible to directivity pulses in horizontal ground motion [4, 5] . Moreover, it was suggested that the pulse-like ground motion forces the structure to dissipate the seismic energy input in a short period of time with a few inelastic cycles and hence increase the ductility demand [6, 7] . Moreover, recent studies of the engineering seismology community on the dynamics of faults have revealed that vertical ground motion may also contain strong velocity pulses. However, the effects of pulse-like vertical ground motion have not been studied by the structural engineering community before.
Recently a limited number of studies suggested that the vertical ground motion may increase not only the axial force demand on columns and piers but also the bending moment demand on bridge girders. The effects of vertical ground motion on precast segmental bridge girders were investigated with 2D models which were based on the Otay River Bridge and the San Francisco-Oakland Bay Bridge [8] . A suite of ten near-fault earthquake records were employed to perform non-linear time history analyses. It was concluded that segment joint rotations increased at least 400% and 90% for negative and positive bending moment, respectively as a result of the vertical ground motion. Furthermore, a parametric study on two short span reinforced concrete bridges considering various span lengths and pier heights was conducted to investigate the effects of vertical ground motion [9] . Although the focus of the study was on the pier response, it was consistently observed that the bending moment demand on the girders at the face of the bent cap was amplified. It was concluded that the contribution of the vertical ground motion to the moment demand was up to 155% and scaled with the V/H ratio. Six different configurations of ordinary standard highway bridges and overcrossings were utilized to investigate the effects of vertical ground motion on the response of bridge decks [10] . A data set of 56 records was formed based on horizontal peak accelerations (> 0.5g). The results of the nonlinear time history analysis were presented relative to the dead load demands to provide a comparison with the Seismic Design Criteria 2006 (SDC) guidelines. It was concluded that the negative bending moment demands at the mid-span (center of the main span) and positive bending moment demands at the face of the bent cap were significantly increased when the vertical ground motion was included in the analysis.
In this study, it is endeavored to identify and explain the reasons for strong velocity pulses in vertical ground motion. Previous studies on dynamics of faults are summarized. A ground motion selection procedure is described. Furthermore, the effects of pulse-like vertical ground motion on a class of cable-stayed bridges were investigated through detailed numerical models.
NEAR-FAULT EFFECTS IN VERTICAL GROUND MOTION
Directivity, fling step and existence of asperities are the reasons for strong velocity pulses in ground motion. Near-fault horizontal ground motion have been extensively studied and considered in the design process. Especially, directivity effects of fault-normal component resulting from strike-slip events have been investigated extensively in the last two decades. However, recent studies on fault dynamics, supported with increasing numbers of near-fault records (especially after the 1999 earthquakes), suggest that near-fault effects in vertical ground motion may have been underestimated.
Strong velocity pulse
Forward directivity is caused by constructive interference of shear waves when rupture propagates toward a site at a velocity close to the shear-wave velocity. Furthermore, fling step is the tectonic deformation associated with the permanent static offset of the ground due to surface rupture. In strike-slip events (Figure 1a ), directivity and fling step effects are polarized on two components; strike-normal and strike-parallel, respectively. Therefore, directivity and fling step effects are usually considered uncoupled. Forward directivity and fling step effects can also occur on dip-slip faults [11] . For example, Figure 1b and 2 illustrate the orientation of the slip vector and rupture propagation in a thrust fault mechanism, respectively. The plane perpendicular to fault plane represents the neutral directivity orientation. The slip vector and rupture propagation both directed toward up dip. Shear waves travelling toward the site constructively interfere with each other in both vertical ( Figure 2 ) and horizontal (strike-normal) directions. Therefore, the site located above the neutral plane is forward directivity site. Furthermore, fling step effects are also directed up-dip aligned with the slip vector. Thus, strong velocity pulses due to directivity and fling step effects are coupled on the vertical component and the horizontal component (strike-normal) of ground motions [12] . The third contributor to strong velocity pulses in vertical ground motion is the hanging wall effect [13] . As the rupture propagates towards up-dip a gap is formed between the hanging wall and footwall of the fault. The seismic energy is trapped between two opaque surfaces; the gap on the fault plane and the free field. Greater particle motion was observed on the hanging wall of thrust faults due to continuous reflection of seismic waves between the two surfaces during the rupture propagation [13] . This physical phenomenon has been also supported by many analytical [14, 15, 16] and experimental studies [17, 18, 19, 20] conducted to understand the ground motion characteristics resulted from asymmetric fault events. Furthermore, the directivity model which has been used so far is a one dimensional model which assumes a unidirectional rupture [11] . In strike-slip fault events, the rupture is assumed to be oriented only in the strike direction and the heterogeneities in depth are ignored. Similarly, in the case of dip-slip faults the rupture is assumed to propagate only in the dip direction hence is independent of heterogeneities along the strike direction. The assumption of unidirectional rupture led to two results. First, the widely accepted velocity pulse definition considers only the largest velocity cycle. Second, the directivity effects in dip-slip events are assumed to be concentrated only on the region located directly above the hypocenter.
However, rupture heterogeneity may arise from many reasons such as; existence of asperities or irregularities in the geometry of the fault (i.e. asymmetric faults). Large magnitude earthquakes are especially likely to be far from homogeneous [21] . When rupture heterogeneity is considered, multiple velocity cycles should be taken into account. Recently, a strong relationship between directivity pulses and slip heterogeneity was observed and a new ground motion selection procedure, which considers multiple velocity cycles, was suggested [22] . This selection procedure is further discussed in the following section.
Moreover, vertical ground motion is often assumed to be more of a manifestation of Pwaves. However, it has been proven that when the crustal heterogeneity and source finiteness in vertical extent is considered, SV waves also significantly contribute to vertical ground motion in near-fault sites due to the refraction on certain horizontal boundaries [23] . The distance where SV waves are dominant may be extended to 10~20km [24] . Thus, strong velocity pulses in vertical ground motion can be observed not only in the region concentrated up dip from the hypocenter but also in the near-fault region where SV wave contribution is not negligible.
Near-fault effects on vertical component may also be observed in oblique, normal and even in strike-slip fault events depending on the rupture propagation and slip directions. However, strong velocity pulses in vertical ground motion are most prominent in thrust fault mechanism due to coupling of directivity, fling and hanging wall effects as explained above. Thus, in this study only recent thrust events which provided abundant near-fault ground motion records are considered.
Characteristics of pulse-like vertical ground motion
91 records from four recent large thrust events are selected to investigate the characteristics of pulse-like vertical ground motion. These events are as follows: 1994 Northridge (US), 1999 Chi-Chi (Taiwan), 2010 Darfield (New Zealand) and 2011 Christchurch (New Zealand). The selection of the records is based on the following criteria: 1) peak vertical acceleration (PVA) ≥ 0.1g, 2) peak vertical velocity (PVV) ≥ 10 cm/s, 3) Mw ≥ 6.0, epicentral distance < 25 km or closest distance < 20 km (when available).
Two procedures were proposed to identify pulse-like horizontal ground motion. The first procedure is described as follows [25] : The largest velocity pulse which starts and ends at zero crossing times or where the velocity is equal to 10% of the peak ground velocity [26] is extracted from the original record by using a wavelet-based signal processing analysis. The remaining record is designated as the residual record. The classification of the signals is defined by two parameters. The first parameter is the peak ground velocity (PGV) ratio which is defined as the PGV of the residual record divided by the PGV of the original record. The second parameter is the energy ratio which is the ratio of the energy of the residual record to the energy of the original record. Moreover, pulse period (single cycle) is determined using the period corresponding to the maximum Fourier amplitude of a wavelet. Recently, a new ground motion selection procedure, which considers multiple velocity cycles, was suggested [22] . This procedure uses a velocity pulse definition based on a specific level of threshold energy. By inspection of the selected 308 horizontal ground motion records, this threshold energy is designated as 35% of the total energy of the original record which is carried by certain number of cycles. The maximum number of cycles is specified as three. Furthermore, a new pulse period definition called, Tp eff , effective pulse period was also proposed. Tp eff is designated as the time width of the total velocity cycles which corresponds to the specified threshold energy. It is also concluded that the effective pulse period is more related to the magnitude of the event than the period of a single cycle.
In this study, the ground motion selection procedure proposed by [22] is modified to fit natural trend of the selected vertical ground motion records. First, velocity time histories of each record are inspected manually and the data set is grouped in two categories. The first group of ground motions is those which contain "coherent" pulses ( Figure 3a ) and the second are those which contain "incoherent" pulses ( Figure 3b ). Here a coherent pulse refers to a wave signal that consistently keeps the increasing or decreasing trend in local and global levels. On the other hand, an incoherent pulse refers to a signal that is less coherent at the local level (sometimes including several zero crossings) yet keeps its increasing/decreasing global trend through the velocity time history. For example, the spikes in signal at the local level can be seen in Figure 3b . On the other hand, the global increasing/decreasing trends of the signal at the global level are also shown by the black arrows in Figure 3b . Although the energy concentration is continuous in the case of incoherent pulses, it results in response amplification in a shorter period range when it is compared to their coherent counterparts. Because the shorter the predominant period of the ground motion, the smaller is the period range at which the response amplification occurs.
It has been consistently observed that the ground motions which have up to four successive full velocity cycles tend to exhibit pulse-like characteristics. For each record the cycle with highest amplitude (PGV) is obtained using zero crossing time definition. Then, the successive (or preceding) velocity pulse which has minimum amplitude of about 50% of the amplitude of the preceding/following half cycle is determined. The minimum considered amplitude of a half cycle is 10 cm/s which are of engineering interest. For each record, the wave trains which contain up to four full cycles are extracted from the original record. It is important to note that, for records which have 10 < PGV < 20 cm/s, the half cycles with 10cm/s or less amplitude are also included in the wave train to be in accordance with the selection criteria of half cycle which has a minimum amplitude of about 50% of the amplitude of the preceding/following half cycle. After extraction of the wave train, the ratio of the energy of the residual record to the energy of the original record is calculated. The energy of each record is calculated as the integration of the squared velocity time history. It has been consistently observed that records which contain strong velocity cycles (up to four cycles) and have an "energy ratio" smaller than a certain threshold level tend to exhibit "pulse-like" characteristics which result in ampli-fication of response in the medium-to-long period range. The limits of the energy ratio are presented in Table 1 . Here it is important to note that the energy ratio limits for classification of the incoherent records are smaller than their coherent counterparts due to their different response amplification. For instance, when two wave trains of the same PGV, number of cycles and their amplitudes and same total period are considered, the coherent record provides higher seismic energy than the incoherent record and hence results in higher response amplification. As incoherency increases, ground motions tend to exhibit ordinary characteristics where response amplification is most effective in very short period range (< 0.5sec). Furthermore, Figure 4 compares the frequency content of representatives of a pulse-like and an ordinary vertical ground motion. It can be seen that ground motion records classified as "pulse-like" tend to have smaller frequency contents when compared to ordinary counterparts. Thus, it can be concluded that the presence of strong velocity pulses in vertical ground motion tend to amplify the response not only in the short period range but also in the medium-to-long period range of vertically vibrating structures. In summary, 44 of the 91 ground motions in the data set were classified as pulse-like, 29 of them were classified as ambiguous and 18 of them were classified as ordinary vertical ground motions. Here it is important to note that an ambiguous class may contain both pulse-like and ordinary ground motions. Further study is needed for more elaborate classification of this class.
ANALYTICAL INVESTIGATION
This study focuses on the investigation of the effects of the pulse-like vertical ground motions on a class of medium-to-long-span bridge girders. Cable-stayed bridges are sensitive to three dimensional earthquake excitations due to the strong coupling between their modes of vibration in the three orthogonal directions unlike such as suspension bridges where modes of vibration can be categorized as bending, torsional and sway [27] . Thus, a class of cable-stayed bridge configurations was chosen to represent medium-to-long span length which allows seismic response assessment over a large range of periods.
Structural modeling and dynamic characteristics of the selected bridges
The general and tower configurations of a class of cable-stayed bridges are depicted in Figures 5 and 6 [27] . The main span lengths are 1120 and 2200 ft. for Bridge I and Bridge II, respectively. Cable-stayed bridges are sensitive to three dimensional excitations due to the strong coupling between modes of vibrations. Thus, detailed three dimensional models are developed to account for torsional effects and torsional modes of vibration. The structural properties of the elements in these two bridges were based on several existing bridges in the eastern region of the United States and further details of the section and material properties can be found in [27] . Each cable is represented by a single bar element with equivalent tangent (or instantaneous) modulus approach. Reinforced concrete pylons, pylon struts and steel girders and cross beams are modeled with elastic beam elements. The decks are simply supported at both ends of the girder and connected to the pylons and pylon struts with the elastic links as depicted in Figures 5 and 6 .
Static nonlinear analyses which include P-Delta effects are conducted for dead loads to obtain the tangent stiffness matrix of the structures. The dead load tangent stiffness is employed as the initial stiffness for all other analysis cases, namely live load, modal analysis and nonlinear time history analysis. Eigen value analyses are performed to obtain dynamic behavior characteristics with utilization of the tangent stiffness matrix of the dead load deformed state. 200 modes are employed to obtain 95% or higher mass participation in longitudinal, transverse and vertical directions. The first modes of cable-stayed bridges are usually deck modes, followed by coupled cable and deck modes and coupled tower and deck modes [28] . Thus, deck modes are coupled with all other modes through almost all 200 modes of vibrations and cover a period range from 3.25s to 0.027s for Bridge I and from 5.13s to 0.05s for Bridge II. Accumulated mass participation ratios in the vertical direction over the periods of vibration modes for both Bridges I and II are depicted in Figure 8 . Hence deck modes of Bridge I and II cover a large period range in vertical direction, the effects of pulse-like and ordinary vertical ground motions can be investigated.
Selection of strong ground motion
4 raw ground motion records from "coherent pulse-like", 3 records from "incoherent pulselike" and 4 records from "ordinary" classes were selected as shown in the Table 2 . The peak acceleration ratios of the vertical to horizontal component (V/H), identified pulse period of wave trains (Tp wt ) and the energy ratios of the residual record to the original record are also listed in Table 2 . Time lag effects between the vertical and horizontal ground motion peaks were not taken into account. The selected ground motions were scaled by utilizing the PGA scaling procedure. The peak vertical ground acceleration among all 11 records is 0.834g. All vertical ground motion records, whether pulse-like or ordinary, were scaled to this peak ground acceleration. For each record, only the horizontal component with the largest PGA was applied in the longitudinal direction of the bridge. Each horizontal ground motion component was scaled with the same scaling factor of its vertical counterpart to keep the V/H ratios constant. 
Live load analysis and response measures
Moving load analyses were carried out by utilizing the tangent stiffness obtained by nonlinear analysis of dead loads. The goal of the live load analysis was to obtain possible maxi-90% 42% 71% 46% mum demands along the bridge girders for comparison with seismic demands. The load factors used for permanent and live loads [29] are listed in Table 3 . Strength II combination considers permit live loading [30] . Furthermore, the live load factor, γ EQ , in Extreme I load combination [29] , which represents the possibility of partial live loads during earthquakes events was assumed to be zero in order to obtain only the seismic demands. This way, a conservative comparison between maximum live load and seismic demands is allowed. In total, 4 load combinations are considered to obtain the maximum dead/live load bending moment and rotation demand on girders, one for Strength I and three for Strength II combination considering the restricted permit loads. The deflection criterion was checked according to the Service II limit state. The maximum vertical deflections at mid-span (center of main span) are 0.70ft and 1.30ft for Bridges I and II, respectively. For most long-span cable-stayed bridges, acceptable deflection values are in between 1/400 and 1/500 of the central span length, which equals to 2.24ft and 4.40ft (1/500) for Bridge I and Bridge II, respectively.
Dynamic analysis results
Geometrically-nonlinear time history analyses were conducted by utilizing the dead load deformed state initial stiffness conditions to obtain seismic response characteristics of the bridges when subjected to the selected ground motions. Newmark implicit integration scheme was employed with δ = 0.5and α = 0.25 values. A time step, ∆t = 0.02 which allows high frequency modes to participate in response, was adopted. Here, it is important to note that usually a sensitivity analysis should be carried out to determine the time step. However, for simplicity the commonly accepted and suggested time step value was used in this study.
Two bridges were analyzed with the selected 29 ground motions which are listed in Table  2 . The envelope maximum responses obtained from dead load and live load combinations are compared with the seismic demands resulting from only horizontal, H, and horizontal and vertical, H+V, ground motions. Global and local earthquake response parameters were monitored and compared.
Figures 9 and 10 compare the bending moment and rotation demands along the girder of the Bridge I with and without vertical excitation for selected representatives of pulse-like and ordinary ground motion records from the Northridge, 1994 earthquake. All representative records are from the same distances (due to scaling) and site conditions (refer Table 2 ). Results are presented only from end support to the center of the main span (mid-span) since multisupport excitation was not considered in analyses. As shown in legends, the responses obtained from dynamic analyses are compared with the maximum demand values obtained from the dead and live loads. From Figures 9 and 10 it can be concluded that both positive and negative moment were amplified along the bridge deck when the pulse-type vertical ground motion was included in the analysis. The moment amplification ratio at the mid-span changes from 16% to 158% for the positive bending moment and from 63% to 1137% for the negative bending moment (Figure 9 and Table 4 ). The reason for those exceptionally high amplification ratios, especially in negative bending moment, is that the negative bending moment under dead/live loads and horizontal ground motion is very small (Table 4) .
In some cases although the record consists of strong velocity pulses, high amplification of moment demand was not observed. For example, although NO-CCWLCW (Figure 9b and 11b) record classified as "pulse-like" and has almost the same energy ratio with NO-NHWPCRD (Table 2) , its response amplification is accumulated in a short period range at round 2 seconds (Figure 10 ) where the response amplification for NO-NHWPCRD record is on a larger period range (Figure 9a and 11a) . This may result from the different response amplification characteristics due to carried total seismic energy by wave train as discussed earlier (Figure 10 ). Furthermore, Bridge I has a mass participation ratio of only about 10% around the 2 second period as shown in Figure 8 . Thus, NO-CCWLCW ground motion record excites a smaller portion of mass when compared to NO-NHWPCRD record. Furthermore, a relationship between the pulse properties and amplification of response over the medium-to-long period range should be quantitatively defined. In addition, it is important to remember that PGA scaling was used in this study and medium-to-long period range of structures is sensitive to velocity rather than acceleration. Thus, developing a scaling procedure that takes into account the sensitivity of different period ranges could increase the consistency between the seismic demands and allow a better comparison. Such a scaling procedure may be possible with an energy based approach. However, both developing an identification procedure of pulse characteristics, i.e. pulse period, and such an elaborate scaling procedure for ground motions are beyond the scope of this study. It is important to note that these two records are commonly utilized ground motion records in the investigation of vertical ground motion effects. As depicted in the figures, the inclusion of the vertical component in the analysis leads to a very small amplification of moment demand when it is compared to the case of pulse presence, and usually maximum moment demands do not exceed the demand values provided by vehicular load. The moment demand comparison between all selected records for Bridge I are given in Table 4 with amplification ratios with respect to DL/LL maximum and positive and negative bending moment demand values for both H and H+V cases at mid-span. From Figure 11 (c) and (d), it can be concluded that the amplification of rotation demands along the deck due to ordinary vertical ground motions are relatively smaller when compared to the pulse-like counterparts. Similarly, increase in both positive and negative bending moment rotations are also observed along the Bridge II deck. However, the assessment of the increase in rotation demands needs special attention and requires a more detailed modeling approach, i.e. support conditions. Thus, this study focuses only on the moment demand amplification in detail. Table 5 provides comparison between the moment amplification ratios at mid-span obtained from all selected records with respect to DL/LL maximum for Bridge II. The table shows that the contribution to negative and positive bending moment, especially at the midspan of the bridge deck, by coherent type pulse-like vertical ground motion is significantly more than ordinary vertical ground motion. The moment amplification ratio at the mid-span changes from 20% to 355% for the positive bending moment and from 0% to 2133% for the negative bending moment. The reason for those exceptionally high amplification ratios, especially in negative bending moment, is that the negative bending moment under dead/live loads and horizontal ground motion is very small. Table 4 and 5 are compared, the contributions to seismic moment demands at the mid-span vary in some cases of ground motion records for Bridge I and II as expected. For example, when NO-CCWLCW record is considered the negative bending moment amplification ratios are 77.1% and 401.4% for Bridge I and Bridge II, respectively. However, when NO-NHWPCRD record is considered, the moment amplification ratios are 725.3% and 182.8% for Bridge I and Bridge II, respectively. Thus, NO-CCWLCW record results in higher amplification ratio for Bridge I than NO-NHWPCRD record. On the contrary, NO-CCWLCW record results in a smaller amplification ratio for Bridge II than NO-NHWPCRD record. Here it is important to note that both records are classified as "pulse-like" and have almost the same energy ratio ( Table 2 ). The change in response amplification trends of the two ground motions is due to different dynamic behavior characteristics of the two bridges as pointed out earlier.
The mass distribution over the periods, the characteristics of the ground motion, and response amplification characteristics of the pulse are the parameters that cause different seismic response characteristics. The largest amplification factors are obtained from the Chi-Chi earthquake records for both bridges. This is mainly due to the large magnitude of this event. The larger the magnitude, the more coherent the pulse is. Furthermore, the input of seismic energy carried by the pulse is also increasing as the magnitude of the event increases. Thus, the response amplification is more coherent in a larger period range for large magnitude earthquake events when compared to the records from smaller magnitude earthquakes.
CONCLUSIONS
In this paper, strong velocity pulse features in vertical ground motion records and their effects on a class of cable-stayed bridge structures are investigated. The most important findings are summarized below.
The existence of a vertical strong velocity pulse tends to reduce the high frequency content of the record and hence increase the seismic demand on medium-to-long period structures. For the structures considered and the earthquake record set used, the bending moment and rotation demands along the bridge deck are substantially increased with respect to maximum dead and live load demands due to pulse-like vertical ground motion records. Since the assessment of rotation demands requires a more detailed modeling approach, i.e. support conditions, the results of this study focuses on the assessment of bending moment demands. The high increase in moment was observed at the center of the main span (mid-span) for both bridges. The increase in positive moment at the mid-span is between 16% and 158% for Bridge I and between 20% and 355% for Bridge II. The corresponding negative bending moment increase is between 63% and 1137% for Bridge I and between 0% and 2133% for Bridge II. The reason for such exceptionally high amplification ratios, especially in negative bending moment, is that the negative bending moment under dead and live loads and horizontal ground motion is very small. It was also observed that the response amplification characteristics of the pulse-like vertical ground motion records related to the pulse characteristics such as the coherency of the pulse signal and the pulse period. The characteristics of the velocity pulse are closely related to the source parameters, i.e. geometry and dimension of the fault, slip duration, correlation between directivity and fling step, and size of asperities. For instance, the most distinct observation is that the coherency of the pulse signals increases as the magnitude of the event increases which often results in longer pulse periods. Further investigation of the pulse characteristics and their correlations with the above-mentioned parameters is required to gain better understanding of the response amplification features of the pulse-like vertical ground motions.
The results also suggest that observations from only the acceleration or velocity spectrum may be misleading in assessing the damage potential of pulse-like vertical ground motion rec-ords and hence they need to be examined concurrently. In a similar manner, utilizing only one ground motion parameter, e.g., peak ground acceleration, to scale the ground motions could result in unreliable assessment of seismic demand when pulse-like vertical ground motion is considered. Especially in the case of structures which have complex and coupled modes of vibration, i.e. cable-stayed bridges, a scaling procedure that is sensitive to all vibration periods would provide more realistic seismic demand assessment. Such a scaling procedure may be based on an energy criterion and provide better insight into the differences of the response amplification characteristics between normal and pulse-like vertical ground motions.
Taking into account the above observations, medium-to-long period bridge decks subjected to pulse-like vertical components of earthquake strong-motion could be more vulnerable than those subjected to the horizontal ground motion only or combined horizontal and ordinary vertical ground motions. Therefore, incorporating a vertical pulse model for the development of near-fault ground motions and including pulse-like vertical ground motion in the analysis is recommended for reliable seismic assessment and design of medium-to-long period structures in the vicinity of active faults.
